there are one or more steps downstream of PLC activation necessary for the light response.
determine whether in phospholipase C mutants there is an accumulation of rhodopsin-arrestin complexes, we Based on these observations, a model was adopted wherein constitutive signaling through rhodopsin was employed an assay (Alloway and Dolph, 1999) for rhodopsin-arrestin interactions. The assay is based on the the cause of retinitis pigmentosa in this class of mutants. However, when one of these mutations was expressed fact that the major rhodopsin in Drosophila, Rh1, can be photoconverted to the M form with 480 nm light in mice, it did not show constitutive activity but instead was demonstrated to be phosphorylated and tightly (blue), inducing the binding of the regulatory protein arrestin. In contrast, the M form can be photoconverted bound to arrestin (Li et al., 1995) . Subsequently, it has been proposed that constitutive activity of rhodopsin is back to the inactive R form with 580 nm light (orange), accompanied by the release of arrestin. In wild-type probably not a mechanism for retinal degeneration in this mutant, and instead, it is possible that the constituflies, exposure to blue light causes Ͼ80% of the Arr2 to bind to rhodopsin and, therefore, spin down in the tive inactivation of the receptor is the primary cause for degeneration (van Soest et al., 1999). Here we demonpellet fraction ( Figure 1A ). In contrast, exposing wildtype fly heads to a light regime that consists of blue strate that, in certain genetic backgrounds, the abnormal persistence of complexes between rhodopsin and followed by orange light results in the vast majority of Arr2 (Ͼ80%) releasing from rhodopsin and remaining arrestin is a trigger for apoptotic cell death and massive retinal degeneration. Moreover, the data suggest that cytosolic. In the norpA mutant, Arr2 shows no defect in its ability to bind to rhodopsin but does show a failure the endocytosis of the rhodopsin-arrestin complexes is to release from membranes after treatment with orange complexes are eliminated in the arr2(null);norpA double mutant. light ( Figure 1B) . In wild-type flies, Ͼ75% of the arrestin is released from rhodopsin following orange light stimuIf the formation of stable rhodopsin-arrestin complexes induces retinal degeneration in norpA flies, then lus, whereas, in norpA flies, Ͻ50% is released. The persistence of these rhodopsin-arrestin complexes is due we would predict that eliminating the major rhodopsin would also rescue the light-dependent retinal degenerato the lack of Arr2 phosphorylation in a norpA background (Matsumoto et al., 1982 (Matsumoto et al., , 1994 Figure 3A) . Depriving norpA flies of vitamin A rescues the light-dependent tion through a wild-type Drosophila compound eye exposed to 6 days of continuous room light reveals an retinal degeneration of the R1-R6 photoreceptor neurons and results in an eye that resembles that of vitamin ordered array of ommatidia with no discernable retinal degeneration (Figure 2A ). In contrast, both norpA and A-deprived wild-type flies ( Figure 3B ). As expected, arrestin remains largely soluble in flies raised on vitamin arr2(null) flies undergo rapid light-dependent retinal degeneration, although, histologically, the type of degener-A-deficient food ( Figure 1D ), clearly demonstrating that few rhodopsin-arrestin complexes are formed in the abation appears different. The retinal degeneration that occurs in norpA flies is characterized by the loss of the sence of the Rh1 opsin. Thus, removing either Arr2 or Rh1 and thereby eliminating rhodopsin-arrestin comouter R1-R6 photoreceptor cell rhabdomeres ( Figure  2B ). In the case of arr2(null) flies, the photoreceptor plex formation rescues norpA's light-dependent retinal degeneration. We cannot rule out that the complexes rhabdomeres are still present, but numerous large intracellular vacuoles completely disrupt ommatidial organiobserved in our biochemical assays represent arrestin binding to another membrane-associated protein. To zation ( Figure 2C ). However, norpA;arr2(null) double mutants completely rescue the degeneration observed in this end, it has been shown that the unphosphorylated form of arrestin binds not only to rhodopsin but also each individual mutant and result in ommatidial structure that closely resembles wild-type ( Figure 2D ). It is to clathrin (Kiselev et al., 2000 [this issue of Neuron]). However, it is clear that the persistence of the initial to be expected that a loss-of-function mutation in the PLC effector molecule would rescue the light-depenrhodopsin-arrestin interaction is essential for complex formation. dent retinal degeneration in arr2 flies, since it prevents constitutive signaling seen in arr2(null) mutants (Dolph Another way to disrupt rhodopsin-arrestin interactions would be to generate a rhodopsin molecule that et al., 1993). However, it was an intriguing finding that an arr2(null) mutation rescued the light-dependent retinal has lower affinity for arrestin. It has previously been demonstrated that the phosphorylation of rhodopsin is degeneration that characterizes norpA. One explanation is that the rhodopsin-arrestin complexes observed in necessary for proper rhodopsin-arrestin interactions in vertebrates. Therefore, we took advantage of a rhodopnorpA flies (see Figure 1) are instrumental in retinal degeneration and the degeneration is rescued when the sin mutation that eliminates the C-terminal phosphoryla- 
nism that could account for the degeneration that occurs Retinal Degeneration in norpA Mutants Is Initiated by Endocytosis in the arr2(null) flies is that constitutive signaling leads to a continuous influx of calcium and it is the cytotoxic
Although our data clearly suggest that rhodopsinarrestin complexes trigger apoptosis, it is unclear how nature of the calcium that induces retinal degeneration rather than apoptosis. In contrast, the norpA and these complexes induce cell death. One possibility is that an early step in the induction of apoptosis is the arr2(P261S) mutants are completely rescued by the p35 caspase inhibitor (Figures 7C and 7F ). This provides internalization of the rhodopsin-arrestin complexes. If this is the case, then mutations that block endocytosis strong evidence that the stable rhodopsin-arrestin complex formation that occurs in norpA and arr2(P261S) should rescue the retinal degeneration phenotype. The shibire locus of Drosophila encodes a dynamin homolog flies eventually induces apoptotic cell death of the outer R1-R6 photoreceptor cells. that has been demonstrated to be essential for endocy- Figure 7H , a temperature-sensitive allele of shibire partially rescues norpA-dependent retinal dethis complex rescues the retinal degeneration in each of the three genetic backgrounds. In addition, we show generation. We would only expect partial rescue, since the flies cannot be raised at below the restrictive temperthat the formation of these stable rhodopsin-arrestin complexes triggers apoptotic cell death. Furthermore, ature due to adult paralysis. It has also been shown that the shibire mutation rescues the degeneration seen in endocytosis is essential for inducing cell death in norpA mutants, suggesting that the internalization of the rhordgC mutants (Kiselev et al., 2000) . These data suggest that the rhodopsin-arrestin complexes are internalized dopsin-arrestin complexes is an early step in the initiation of apoptosis of retinal photoreceptors. It is possible via receptor-mediated endocytosis and the presence and/or accumulation of these internalized complexes that the excessive endocytosis saturates a downstream cellular function (for example, saturation of the early triggers apoptotic cell death. endosome or depletion of an endocytic protein), which signals the cell to undergo programmed cell death. AlterDiscussion natively, the endocytosis may block a signal that protects the cell from apoptosis. In this paper, we demonstrate the existence of a novel mechanism to explain the light-dependent retinal deThe inactivation of the Drosophila phototransduction cascade is an extremely rapid event. Drosophila photogeneration that is observed in a subset of Drosophila visual system mutants. We demonstrate that mutations receptors can shut off the light-activated currents in less than a 100 ms following termination of the light in three distinct genetic loci, norpA, arr2, and rdgB, ., 2000) . Therefore, it is greatly increases its affinity for the abundant soluble possible that the role of arrestin phosphorylation is to protein arrestin. Invertebrate Arr2 is a very basic moleblock interactions with clathrin, and any mutant backcule with a pK a of ‫7.8ف‬ (Bentrop et al., 1993) and, thereground that fails to phosphorylate arrestin yields comfore, has a high affinity for phosphorylated rhodopsin. plexes due to clathrin interactions. However, it is still Thus, this interaction of activated rhodopsin and arrestin essential that a stable rhodopsin-arrestin complex be occurs very rapidly, and the receptor is quickly inactiformed initially to allow for the assembly of the endocytic vated. It is tempting to speculate that the posttranslaproteins. tional modifications of arrestin and rhodopsin are essen-A large number of mutations in the human rhodopsin tial to eliminate these complexes. In such a model, it is gene have been isolated that are responsible for retinal necessary to phosphorylate Arr2, thereby making it less disease. Interestingly, there are several mutations in hubasic, as well as to dephosphorylate rhodopsin, thereby man rhodopsin that form stable rhodopsin-arrestin commaking it less acidic. Thus, the system is designed such plexes. These include a mutation in a highly conserved that the influx of calcium activates CamKII, the kinase lysine in the seventh transmembrane domain that has that phosphorylates arrestin, and rdgC, the phosphabeen shown to cause autosomal-dominant retinitis pigtase that dephosphorylates rhodopsin. Both of these mentosa (Li et al., 1995) . This mutant form of rhodopsin steps are crucial, as evidenced by the fact that rdgC is found both in vivo and in vitro to be constitutively mutants and arr2(S366A) mutants both undergo rapid phosphorylated and tightly bound to arrestin ( rhodopsin molecules from the photoreceptor cell. HowMany models have been proposed to explain retinal ever, in certain mutant backgrounds, the regulation of degeneration in humans, including constitutive activity rhodopsin-arrestin complex formation is defective, and of the phototransduction cascade, improper trafficking a large number of complexes are formed. The increased of photoreceptor cell components, and defects in the endocytosis of these complexes initiates apoptosis and recycling of rhodopsin. The results described here impliretinal degeneration. cate the endocytic pathway in retinal degeneration and suggest that excessive endocytosis can be a trigger for apoptotic cell death.
tosis (van der Bliek and Meyerowitz, 1991). As can be result in the light-dependent formation of stable rhodopsin-arrestin complexes. Elimination of either member of seen in
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